Notochord-Dependent Expression of MFH1 and PAX1 Cooperates to Maintain the Proliferation of Sclerotome Cells during the Vertebral Column Development  by Furumoto, Taka-aki et al.
M
M
S
§
A
C
a
D
d
d
f
v
n
d
m
d
m
Developmental Biology 210, 15–29 (1999)
Article ID dbio.1999.9261, available online at http://www.idealibrary.com onNotochord-Dependent Expression of MFH1 and
PAX1 Cooperates to Maintain the Proliferation
of Sclerotome Cells during the Vertebral
Column Development
Taka-aki Furumoto,*,†,‡ Naoyuki Miura,§ Takeshi Akasaka,*,†
Yoko Mizutani-Koseki,*,† Hidefumi Sudo,*,†,‡ Katsuyuki Fukuda,†
Mamiko Maekawa,¶ Shigeki Yuasa,¶ Yan Fu,§ Hideshige Moriya,‡
asaru Taniguchi,*,| Kenji Imai,** Edger Dahl,** Rudi Balling,**
aria Pavlova,†† Achim Gossler,†† and Haruhiko Koseki*,†,1
*CREST (Core Research for Evolutionary Science and Technology) of Japan Science and
Technology Corp., †Department of Molecular Embryology, ‡Department of Orthopediatric
Surgery, ¶Department of Anatomy, and \Department of Molecular Immunology, Graduate
chool of Medicine, Chiba University, 1-8-1 Inohana, Chuo-ku, Chiba 260-8670, Japan;
Department of Biochemistry, Akita University School of Medicine, 1-1-1 Hondo,
kita 010-8543, Japan; **Institute of Mammalian Genetics, GSF-National Research
enter for Environmental and Health, 85764 Neuherberg, Germany;
nd ††The Jackson Laboratory, Bar Harbor, Maine 04609
uring axial skeleton development, the notochord is essential for the induction of the sclerotome and for the subsequent
ifferentiation of cartilage forming the vertebral bodies and intervertebral discs. These functions are mainly mediated by the
iffusible signaling molecule Sonic hedgehog. The products of the paired-box-containing Pax1 and the mesenchyme
orkhead-1 (Mfh1) genes are expressed in the developing sclerotome and are essential for the normal development of the
ertebral column. Here, we demonstrate that Mfh1 like Pax1 expression is dependent on Sonic hedgehog signals from the
otochord, and Mfh1 and Pax1 act synergistically to generate the vertebral column. In Mfh1/Pax1 double mutants,
orsomedial structures of the vertebrae are missing, resulting in extreme spina bifida accompanied by subcutaneous
yelomeningocoele, and the vertebral bodies and intervertebral discs are missing. The morphological defects in Mfh1/Pax1
ouble mutants strongly correlate with the reduction of the mitotic rate of sclerotome cells. Thus, both the Mfh1 and the
Pax1 gene products cooperate to mediate Sonic hedgehog-dependent proliferation of sclerotome cells. © 1999 Academic Press
Key Words: mouse; embryo; somite; vertebral column; development; notochord; Mfh1; Pax1; spina bifida;
yelomeningocoele.
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The vertebral column is composed of alternating verte-
brae and intervertebral discs that are metamerically ar-
ranged along the anterior–posterior body axis. Each vertebra
is subdivided into several distinct domains along the dor-
soventral axis. The ventral region is composed of vertebrall
s
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All rights of reproduction in any form reserved.odies and the underlying intervertebral discs. Dorsally, the
eural arches, which are subdivided into ventral pedicles
nd dorsal laminae, enclose the spinal cord. In the thoracic
egion, ribs are associated with vertebrae. All these struc-
ures are derived from the somitic mesoderm as a conse-
uence of interactions between the paraxial mesoderm and
urrounding tissues (Christ and Ordahl, 1995).
After the segmentation of the paraxial mesoderm, epithe-ial somites differentiate into the ventral mesenchymal
clerotome and the dorsal epithelial dermomyotome. Sonic
15
16 Furumoto et al.FIG. 1. Expression of Mfh1 and Pax1 in developing somites. Expression of Mfh1 (A, B, C, D, E, F, G) and Pax1 (H, I, J, K, L, M, N) mRNA
in 9.5- (A, D, E, H, L, K), 10.5- (B, F, I, M), and 11.5- (C, G, J, N) dpc embryos analyzed by in situ hybridization, and expression of MFH1
and PAX1 proteins in 11.5-dpc embryos analyzed by indirect immunohistochemistry (O, P, Q, R). (A, D, E) Mfh1 expression in 9.5-dpc
embryos. (A) Mfh1 expression in the caudal region of the unsegmented paraxial mesoderm and in the somites along the entire axis. The
arrowhead indicates the boundary between the presomitic mesoderm and first epithelial somite. The line indicates the level of the section
in E. (D) Higher magnification of the tail-bud region. Boundaries between the presomitic mesoderm and first and second somites are
indicated. (E) Mfh1 expression in the sclerotome of differentiating somites and in mesenchymal cells surrounding the dorsal aorta. The
dermomyotome is indicated by an arrow. (B, F) Mfh1 expression in 10.5-dpc embryos. (B) Mfh1 expression in the presomitic mesoderm,
somites, and posterior region of the sclerotome. The line indicates the level of the section in F. (F) Mfh1 expression in the sclerotome. Note
the strong expression in the ventrolateral regions. (C, G) Mfh1 expression in 11.5-dpc embryos. (C) Strong Mfh1 expression in the posterior
region of the sclerotome. The white arrowhead indicates the strong expression in the distal tips of rib anlagen. Fore- and hindlimbs are
indicated by arrows. The line indicates the level of the sections in G and O. (G) Mfh1 expression in the sclerotome. Note the strong Mfh1
expression in the ventrolateral regions. (H, K, L) Pax1 expression in 9.5-dpc embryos. (H) Pax1 expression in the newly segmented somites
and in posterior regions of the sclerotome. Note that Pax1 expression is confined to the ventral region while Mfh1 expression extends
dorsally. The arrowhead indicates the boundary between unsegmented paraxial mesoderm and epithelial somite. The line indicates the
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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17Interactions in Mouse Vertebral Column Developmenthedgehog (SHH) signals emanating from the notochord and
the ventral neural tube are essential for sclerotome differ-
entiation and the subsequent formation of the vertebral
column (Fan et al., 1994; Chiang et al., 1996; Teillet et al.,
1998). In shh-deficient mice, axial skeleton development is
severely impaired due to the extensive degeneration of
sclerotome cells (Chiang et al., 1996). Culture of the
somitic mesoderm and microsurgical approaches in avian
embryos revealed that SHH is essential not only for the
establishment of the dorsoventral axis of the somitic me-
soderm but also for cell proliferation and for the prevention
of cell death (Fan et al., 1994; Teillet et al., 1998). The
pleiotropic biological effects of SHH are thought to be
mediated by a series of transcriptional regulators, including
members of the Pax and MyoD gene families, that are
expressed in the paraxial mesoderm (Dahl et al., 1997;
Mu¨nsterberg et al., 1995).
PAX1 is a paired-box-containing transcriptional activa-
tor, whose expression in the sclerotome depends on SHH
emanating from the notochord or the floor plate of the
neural tube (Chalepakis et al., 1991; Fan et al., 1994;
Dietrich et al., 1997). Phenotypic analysis of an allelic
series of Pax1 mutations revealed that sclerotomal Pax1
expression is essential for the appropriate generation of
vertebral bodies and intervertebral discs by allowing scle-
rotome cells to accumulate around the notochord
(Gru¨neberg, 1954; Wallin et al., 1994; Dietrich et al., 1995;
Wilm et al., 1998). Thus, Pax1 is one of the mediators of
notochordal signals required to generate ventral structures
of vertebral column from mesenchymal sclerotome cells
(Koseki et al., 1993; Dietrich and Gruss, 1993).
Mesenchymal forkhead-1 (MFH1), a member of the
winged helix/forkhead family of proteins, is also expressed
in the developing sclerotome and is required for normal
development of the axial skeleton (Miura et al., 1993;
Kaestner et al., 1996; Winnier et al., 1997; Iida et al., 1997).
n Mfh1-deficient mice, defects of the vertebral bodies and
eural arches resulting in spina bifida occulta are observed
n addition to impaired aortic arch formation. The similar
henotypes in the ventral moiety of Mfh1- and Pax1-
eficient mice suggest that Mfh1 and Pax1 have common
functions during sclerotome development.
level of the section in L. (K) Higher magnification of the tail-bud r
second somites are indicated. Note that Pax1 expression appeared a
the ventral region of the sclerotome. (I, M) Pax1 expression in
sclerotome. The line indicates the level of the section in M. (M) Pa
while Mfh1 expression extends dorsally. (J, N) Pax1 expression in
clerotome. The line indicates the level of the section in N. (N) Pax
O) Expression of MFH1 protein in 11.5-dpc embryos. The MFH1 p
he Mfh1 transcript. Higher magnification views of the boxed regi
rotein expression in the ventrolateral region of the sclerotome. T
iew of PAX1 protein expression in the same section as is shown
f P and Q. Cells expressing both MFH1 and PAX1 are indicated by y
nd PAX1 proteins while dorsal cells express MFH1 but not PAX1. Sc
anglion; (fb) forelimb bud; (hb) hindlimb bud; (nc) notochord; (nt) neur
Copyright © 1999 by Academic Press. All rightIn this study, we investigate the importance of noto-
chordal signals for Mfh1 expression as well as the genetic
nteraction between Mfh1 and Pax1. Mfh1 expression was
ignificantly reduced in Danforth’s short-tail (Sd) mutant
mbryos whose notochords degenerate (Gru¨neberg, 1953;
oseki et al., 1993; Dietrich and Gruss, 1993; Maatman et
l., 1997), and ectopic grafts of a notochord or of SHH-
xpressing cells induced Mfh1 expression, indicating that
ignals from the notochord are necessary and sufficient to
aintain Mfh1 expression in the somitic mesoderm. The
bservation that the expression of Mfh1 and Pax1 depends
on notochordal signals prompted us to investigate the
skeletal phenotypes of mice lacking both Mfh1 and Pax1 to
uncover potential overlapping functions of both gene prod-
ucts during vertebral column development. Embryos
double mutant for Mfh1 and Pax1 showed extreme spina
bifida associated with subcutaneous myelomeningocoele
and completely lacked vertebral bodies and intervertebral
discs, due to a synergistic reduction of the mitotic activity
of sclerotome cells. Our results demonstrate that the Mfh1
and Pax1 gene products cooperate to maintain the SHH-
dependent proliferation of sclerotome cells, but both genes
are dispensable for the formation of sclerotome and its
survival.
MATERIALS AND METHODS
Mice
Mice lacking a functional Pax1 gene were generated by homolo-
ous recombination using J7 ES cells, such that the Escherichia coli
b-galactosidase gene was introduced into the XhoI site within the
paired-box-encoding exon, resulting in the premature termination
of the Pax1 gene product (K. Imai, E. Dahl, T. Akasaka, H. Koseki,
and R. Balling, unpublished results). The skeletal phenotypes of
this allele, designated Pax1lacZ, resembled those of the Pax1un-ex and
Pax1null alleles (Wallin et al., 1994; Wilm et al., 1998). Heterozy-
ous mutants were backcrossed onto C57Bl/6 three to four genera-
ions and homozygotes were generated by matings between het-
rozygous mutants. Mfh1 mutants (Iida et al., 1997) were
backcrossed onto the C57Bl/6 background several times. Pax1/
Mfh1 double heterozygotes were generated by crossing Pax1lacZ
homozygotes and Mfh1 heterozygotes. Double homozygous em-
. Boundaries between the presomitic mesoderm and the first and
the segmentation of the paraxial mesoderm. (L) Pax1 expression in
dpc embryos. (I) Pax1 expression in the posterior region of the
pression is restricted to the ventrolateral region of the sclerotome
5-dpc embryos. (J) Pax1 expression in the posterior region of the
pression is restricted to the ventrolateral region of the sclerotome.
was found in the entire sclerotome and strongly overlapped with
re shown in P, Q, and R. (P) Higher magnification view of MFH1
ntral root is indicated by an arrowhead. (Q) Higher magnification
The ventral root is indicated by an arrowhead. (R) Overlap image
color. Note that most ventral sclerotomal cells express the MFH1egion
fter
10.5-
x1 ex
11.
1 ex
rotein
on a
he ve
in P.
ellowale bars represent 50 mm. (dm) dermomyotome; (drg) dorsal root
al tube; (sc) sclerotome.
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18 Furumoto et al.FIG. 2. Mfh1 expression in day 10.5 wild-type and Sd homozygous embryos and after notochord graft and ectopic SHH expression.
ateral views (A, B, E, F) and transverse frozen (C, D, G, H) sections of wild-type (A, B, C, D) and Sd homozygous (E, F, G, H) embryos
after whole-mount in situ hybridization. Mfh1 expression in the prospective sacrocaudal region of the somitic mesoderm was
significantly affected in Sd homozygotes, whereas expression in the more cranial region was unaffected (E), consistent with the
mpaired notochord formation in the caudal body region of Sd homozygotes (Koseki et al., 1993). (B, F) Higher magnification views
f the caudal region. Note that Mfh1 expression in the segmented region was significantly reduced in Sd homozygotes while the
xpression in the unsegmented paraxial mesoderm was not. Arrows designated as C, D, G, and H indicate the levels of the transverse
ections shown in C, D, G, and H, respectively. (C) Mfh1 expression in wild-type embryos is strong in the unsegmented paraxial
esoderm but absent from the neural tube, notochord, hindgut, and mesenchymal cells in the ventromedial region (indicated by a
racket) or from the surface ectoderm. The arrow indicates the notochord. (D) In differentiating somites Mfh1 expression is strong in
he mesenchymal sclerotome but is reduced in the dermomyotome. The arrow and arrowhead indicate the notochord and floor plate,
espectively. (G) In the presomitic mesoderm of Sd homozygous embryos Mfh1 is ectopically expressed in the hindgut and in
esenchymal cells in the ventromedial region of the tail bud (indicated by a bracket). (H) In differentiating somites sclerotomal
xpression of Mfh1 is significantly reduced in Sd homozygotes. Floor-plate formation (arrowhead) is apparently impaired in Sd
omozygotes. Arrows in (G, H) indicate the notochord. (I) Schematic depicting the position of grafts (red dot) of notochord of
HH-expressing cell pellets between the neural tube and the unsegmented paraxial mesoderm. Ectopic expression of Mfh1 (arrow-
eads) induced by (J) the ectopic notochord (arrow) or by (K) a graft of cell pellet expressing SHH (arrow). (dm) dermomyotome; (fb)
orelimb bud; (h) hindgut; (nt) neural tube; (p) unsegmented paraxial mesoderm; (sc) sclerotome.
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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19Interactions in Mouse Vertebral Column Developmentbryos were derived from matings between double heterozygotes
and genotyped using the following oligonucleotides: for detection
of the Pax1 wild-type allele, Pax1 common (59-GTAGGCAACT-
CGGGTCTCTC-39) and Pax1 wild (59-CGGATCTCCCAGGC-
AAGA-39); for detection of the mutant Pax1 allele, Pax1 common
nd Pax1 KO (59-GCGAAAGGGGGATGTGCT-39). Oligonucleo-
ides used to genotype Mfh1 mutants were previously described
(Iida et al., 1997). Double mutants were genotyped by PCR analysis
of tail, kidney, or yolk sac DNA.
The Sd mice used to collect embryos were kept on a mixed
genetic background with the wild-type allele of Sd derived from
CAST/Ei. Day (d) 10.5 postcoitus (pc) embryos from Sd/1 (CAST/
i) 3 Sd/1 (CAST/Ei) matings were collected in RNase-free
hosphate-buffered saline (PBS). Embryos were typed for Sd by
analyzing yolk sac DNA with two MIT markers flanking Sd:
D2Mit362 (about 0.15 cM proximal to Sd) and D2Mit416 (about 0.6
cM distal to Sd) as described (Maatman et al., 1997).
Grafting Experiments
Fertilized eggs of the White Leghorn chick were purchased from
local farms and were incubated at 38°C for about 2.5 days to reach
the 18- to 25-somite stages (stages 14–18; Hamburger and Hamil-
ton, 1951). Surgical manipulations were performed as described
previously (Aoyama and Asamoto, 1988).
A 2.5-kb fragment encoding the full-length mouse shh cDNA
(kindly provided by Dr. A. McMahon) was subcloned into the
RCASBP(A) vector (Echelard et al., 1993; Hughs et al., 1987).
etroviral vector DNA was introduced into chicken embryonic
broblasts by calcium phosphate precipitation. Retroviral particles
ecreted into the culture medium supplemented with 0.5% fetal
alf serum were concentrated more than 20 times by ultracentrifu-
ation. QT6 cells were infected by retrovirus overnight and pellets
f infected QT6 were transplanted into chick embryos resistant to
iral infection.
Chicken Mfh1 riboprobes were generated from a 1.9-kb full-
ength cDNA (H.K., unpublished results). The GenBank accession
umber of chicken Mfh1 is U95823.
Skeletal Analysis
Skeletal preparations were made from perinatal mice and cleared
skeletons were analyzed stereomicroscopically as previously de-
scribed (Kessel and Gruss, 1991).
FIG. 3. Subcutaneous myelomeningocoele and skeletal defects in
ild-type and Mfh1/Pax1 double-mutant fetuses (A, B) and views o
E, I, M, Q), and Mfh1/Pax1 (F, J, N, R) double mutants. (A) Dorsal
indicated by arrows) in a Mfh1/Pax1 double mutant 18.5-dpc f
ssification centers in the vertebral bodies are lost or split at the
intervertebral discs are totally lost and extensive fusion of pedicles
views of cervical and thoracic vertebrae at higher magnification. N
fusions of vertebrae in Mfh1/Pax1 double mutants (J) while defects
and thoracic vertebrae at higher magnification. Note the lack of
defects in Mfh1 single mutants are subtle (L). In Pax1 single mutant
of thoracolumbar vertebrae at higher magnification. Vertebral bodie
(R) while defects in single mutants are very subtle (P, Q). The arrowhe
ribs.
Copyright © 1999 by Academic Press. All rightHistology and in Situ Hybridization
Mice were mated overnight and females examined for a vaginal
plug in the following morning. Noon of the day of evidence of a
vaginal plug was considered 0.5 dpc. Embryos were fixed in either
Bouin’s solution or phosphate-buffered 4% paraformaldehyde. Fol-
lowing fixation, specimens were rinsed with H2O to remove excess
picric acid or phosphate-buffered saline to remove paraformalde-
hyde, dehydrated through increasing concentrations of ethanol,
equilibrated in xylene, impregnated with paraffin wax, embedded,
and sectioned at 7 mm. Sections were stained with hematoxylin and
osin. In situ hybridization on tissue sections and whole-mount in
itu hybridization were performed as described by Kessel and Gruss
1991) and Wilkinson (1992), respectively, with minor modifica-
ions. The probes used were to Pax1 (Deutsch et al., 1988), Mfh1
Miura et al., 1993), Mf1 (Sasaki and Hogan, 1993), myogenin
Wright et al., 1989), Pax3 (Goulding et al., 1991), and Pax9
Neubu¨ser et al., 1995).
Immunohistochemistry
Monoclonal anti-mouse MFH1 antibodies were obtained from
hybridomas generated by fusion of the P3U1 myeloma cells and
TABLE 1
Genotype of E19 Fetuses Obtained from Matings between Mfh1
1/2 Pax1 1/2 Double Heterozygotes
Genotype
No. % (Expected %)Mfh1 Pax1
1/1 1/1 5 4.9% (6.25%)
/1 1/2 17 16.5% (12.5%)
/1 2/2 5 4.9% (6.25%)
/2 1/1 14 13.6% (12.5%)
/2 1/2 28 27.2% (25.5%)
/2 2/2 13 12.6% (12.5%)
/2 1/1 5 4.9% (6.25%)
/2 1/2 13 12.6% (12.5%)
/2 2/2 3 2.9% (6.25%)
Total 103
1, Pax1, and Mfh1/Pax1 double mutants. Dorsal views of perinatal
letal preparations of wild-type (C, G, K, O), Mfh1 (D, H, L, P), Pax1
of wild-type 18.5-dpc fetus. (B) Subcutaneous myelomeningocoele
(C, D, E, F) Ventral overviews of the entire vertebral column.
ine in Mfh1 (D) and Pax1 (E) single mutants. Vertebral bodies and
e neural arches are seen in double mutants (F). (G, H, I, J) Ventral
the lack of vertebral bodies and intervertebral discs and extensive
ngle mutants are subtle (H, I). (K, L, M, N) Dorsal views of cervical
ae of the neural arches in Mfh1/Pax1 double mutants (N) while
ral arch development is not affected (M). (O, P, Q, R) Ventral views
lost or strongly deformed and fused in Mfh1/Pax1 double mutantsMfh
f ske
view
etus.
midl
of th
ote
in si
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s areads in E and Q indicate defects of the proximal region of the 13th
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22 Furumoto et al.spleen cells prepared from a Wistar rat immunized with recombi-
nant GST/mouse MFH1 (amino acid 290–494) fusion protein (Y.
Fu, X-L. Yang, and N. Miura, unpublished result). Since the
antibodies are directed against a region of the MFH1 protein
outside the forkhead domain which is not conserved between
MFH1 and MF1, this monoclonal antibody is considered to be
specific for MFH1. The generation and purification of anti-PAX1
antibodies was performed as described previously (Chalepakis et
al., 1991; Wallin et al., 1994). Embryos were embedded in OCT
compound immediately after dissection and sectioned on a cryo-
stat. Sections were fixed in ice-cold acetone for 20 min and washed
in 10% goat serum in PBS for 1 h. Tissue sections were incubated
overnight at 4°C with rat monoclonal anti-mouse MFH1 and rabbit
anti-PAX1 antibodies, washed in PBS/10% goat serum as above,
incubated with a fluorescein-conjugated goat anti-rat immuno-
globulin and a rhodamine-conjugated anti-rabbit immunoglobulin
for 1 h at room temperature, washed, mounted in 75% glycerol/
25% PBS, and observed under a Zeiss LSM 410 invert confocal laser
scan microscope.
Detection of Apoptosis
Day 11.5 pc embryos were dissected, fixed for 6 h in 4%
paraformaldehyde in PBS, and embedded in paraffin wax. Sections
were cut at 7 mm and placed onto 3-aminopropryltriethoxysilane-
oated slides. The in situ TdT-mediated dUTP-fluorescein-labeled
ick end labeling (TUNEL) was performed using the cell death
etection kit (Boehringer Mannheim) with the TUNEL reaction
ixture being diluted threefold with 30 mM Tris (pH 7.2), 140 mM
acodylic acid, and 1 mM cobalt chloride.
Cell Proliferation
Fifty micrograms of bromodeoxyuridine (BrdU; Sigma) per gram
of body weight was injected intraperitoneally into pregnant mice
1.5 h before embryo collection. Embryos were fixed in 4% parafor-
maldehyde for 4 h and embedded in paraffin wax, sectioned at 7 mm
hickness, dewaxed, and rehydrated and BrdU incorporation was
etected with anti-BrdU antibodies (clone B44; Becton–Dickinson)
s described previously (Wallin et al., 1994). To determine the rate
f cell proliferation in the sclerotome, photomicrographs were
aken at 203 magnification, and labeled and unlabeled cells in four
djacent sections from four independent wild-type and mutant
mbryos were counted. The overall percentage of labeled nuclei
as determined and statistically analyzed by Student’s t test.
esults were considered significant at a P value , 0.05.
FIG. 4. Vertebral morphology in Mfh1, Pax1, and Mfh1/Pax1 dou
(L2) vertebrae from wild type (A, E, I, M, Q) and Mfh1 (B, F, J, N, R
efects of the dorsal atlas (arrowheads) in Mfh1 (B) and in Mfh1/Pax
n Mfh1/Pax1 double mutants. The arrow in (D) indicates the fusio
Mfh1 (F) or Pax1 (G) single, mutants the odontoid process (arrowh
of the neural arches (filled arrowheads), unilateral defect of the f
vertebral body (arrow) of vertebra C5 in Mfh1/Pax1 double, but no
neural arches (arrowheads) and absence of the vertebral body (arrow
single, mutants. Note the missing articulation of the ribs in (O) and (P).
in Mfh1 (R) and Mfh1/Pax1 double (T) mutants and defects of the verte
Copyright © 1999 by Academic Press. All rightRESULTS
Notochord-Dependent Expression of Mfh1 and
Pax1 in the Paraxial Mesoderm
The expression of Mfh1 and Pax1 in developing somitic
mesoderm was comparatively investigated in 9.5, 10.5, and
11.5-dpc embryos. In 9.5-dpc embryos, Mfh1 expression
first appeared in the caudal region of the unsegmented
paraxial mesoderm and was seen ubiquitously within the
somitic mesoderm before the deepithelialization of epithe-
lial somites (Figs. 1A, 1D, and 2C). Immediately after the
deepithelialization of the somite, Mfh1 expression was
restricted to the sclerotome (Figs. 1E and 2D). Initial Pax1
expression in the somitic mesoderm was seen in the first or
second newly segmented somite, indicating that Pax1 is
expressed later than Mfh1 in the paraxial mesoderm (Figs.
1H and 1K; Koseki et al., 1993). Pax1 expression in the
sclerotome was restricted to the ventral region (Fig. 1L). In
10.5- and 11.5-dpc embryos, Mfh1 and Pax1 expression was
seen in the sclerotome along the entire axis (Figs. 1B, 1C, 1I,
and 1J). Mfh1 expression was seen in the dorsal and poste-
rior region of the sclerotome demarcating the neural arch
anlagen (Figs. 1B and 1C). Expression of Mfh1 in the neural
arch anlagen was confirmed by in situ hybridization of
transverse sections (Figs. 1F and 1G). Pax1 expression was
found in the ventral and posterior, but not in the dorsal,
region of the sclerotome (Figs. 1I, 1J, 1M, and 1N). MFH1
protein in 11.5-dpc embryos as monitored immunohisto-
chemically with the anti-MFH1 monoclonal antibody was
localized in the developing sclerotome and mesenchymal
tissues around the aorta, consistent with the results of the
in situ hybridizations (Fig. 1O). Simultaneous detection of
MFH1 and PAX1 by confocal laser microscopy demon-
strated that the proteins are coexpressed in sclerotome cells
in the ventrolateral region (Figs. 1P, 1Q, and 1R).
Since the expression of Pax1 in the sclerotome depends
on notochordal signals mainly mediated by SHH (Koseki et
al., 1993; Dietrich et al., 1993; Fan and Tessier-Levigne,
1994), we investigated the requirement of the notochord for
Mfh1 expression. The expression of Mfh1 was examined in
Danforth’s short-tail mutant embryos, which in the poste-
rior region have no or a severely reduced notochord (Figs.
2C and 2G; Gru¨neberg, 1953; Koseki et al., 1993; Dietrich et
utants. Dissected cervical (C1, C2, C5), thoracic (T), and lumbar
x1 (C, G, K, O, S), and Mfh1/Pax1 double mutants (D, H, L, P, T).
uble (D), but not in Pax1 (C), mutants. Note the increased severity
odontoid process to the atlas. (H) In Mfh1/Pax1 double, but not in
failed to fuse with vertebra C2. (L) Complete lack of the laminae
en for the vertebral artery (open arrowhead), and absence of the
Mfh1 (J) or Pax1 (K) single, mutants. (P) Defective laminae of the
vertebra T8 in Mfh1/Pax1 double, but not in Mfh1 (N) or Pax1 (O)ble m
), Pa
1 do
n of
eads)
oram
t in
) ofDefective laminae of the neural arches (arrowheads) of vertebra L2
bral body (arrows) in Pax1 (S) and Mfh1/Pax1 double (T) mutants.
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23Interactions in Mouse Vertebral Column Developmental., 1993). As a consequence of the poorly developed noto-
chord, the paraxial mesoderm was fused across the midline
(Figs. 2C, 2D, 2G, and 2H). Expression of Mfh1 in the
unsegmented paraxial mesoderm was not significantly af-
fected although ectopic expression of Mfh1 was seen in the
most ventral mesenchymal cells and in the abnormally
developed hindgut (Figs. 2A, 2B, 2C, 2E, 2F, and 2G).
However, the strong expression of Mfh1 in the segmented
somitic mesoderm of wild-type embryo was markedly re-
duced in Sd homozygotes (Figs. 2D and 2H).
The dependence of Mfh1 expression on the notochord was
urther investigated by grafting experiments. A surgically
solated piece of a chicken notochord was transplanted imme-
iately beneath the surface ectoderm between the neural tube
nd the unsegmented paraxial mesoderm of stage 14–18
hicken embryos as shown in Fig. 2I. The notochord graft
nduced ectopic expression of chicken Mfh1 in the paraxial
esoderm (Fig. 2J), consistent with the requirement of the
otochord for Mfh1 expression seen in Sd mutant embryos.
Similarly, a cell pellet secreting SHH grafted to the dorsal
presomitic mesoderm induced ectopic expression of chicken
Mfh1 (Fig. 2K). These results indicated that SHH signals from
the notochord are necessary and sufficient to maintain the
sclerotomal expression of Mfh1.
Axial Skeleton Defects in Mfh1/Pax1 Double
Mutants
The MFH1 and PAX1 gene products are coexpressed in
part of the developing sclerotome and required for the
normal development of the vertebral column. To analyze
FIG. 5. Histological analysis of the developing vertebral colum
ransverse sections of wild-type (A, E, I) and Mfh1 (B, F, J), Pax1 (
ransverse sections through the cervical region. In Mfh1 (B) and Pax
he annuli fibrosi are not generated normally. In Mfh1/Pax1 double
re completely lost. The fusion of connective tissue surround
ubcutaneous tissue is significantly expanded in double mutants. T
, G, H) Transverse sections through the thoracic region. Note th
rches are totally impaired in Mfh1/Pax1 double mutants (H). (I, J, K
ube extrudes unilaterally into the subcutaneous tissue (arrowhead
fh1/Pax1 double mutants. Scale bars represent 500 mm.
IG. 6. Histological analysis of somite development in Mfh1/Pax1
ild-type (A, B, C, D, E) and Mfh1/Pax1 double-mutant (F, G, H, I,
.0-dpc embryos. The deepithelization of somites is not affected in
ervical region of 9.5-dpc embryos. The sclerotome size appears to b
s less affected. The neural tube appears compressed vertically and t
f the dermomyotome and dorsal aorta are indicated by arrows and
ervicothoracic region of 10.5-dpc embryos. (H) The reduction of th
utants are more prominent. The dorsal root ganglia are dislocate
egion. The dorsal edges of the dermomyotome and dorsal root
ransverse sections of the prospective thoracic region of 11.5-dp
agnification in (E) and (J). The dorsal root ganglia are indicated b
fh1/Pax1 double mutant. (E, J) Higher magnification views of theccumulation of sclerotome cells around the notochord is strongly aff
epresent 50 mm in (A, B, F, G) and 60 mm in (C, H, D, I).
Copyright © 1999 by Academic Press. All righthether MFH1 and PAX1 cooperate during sclerotome
evelopment, we have analyzed double mutants. Double
eterozygous Mfh1- and Pax1-deficient mice were healthy
nd fertile, and the vertebral columns were not affected.
ouble heterozygotes were intercrossed to generate double
omozygotes. The frequency of homozygous Mfh1/Pax1
ouble mutants recovered perinatally was only appropri-
tely half of the expected (Table 1). Since the frequency of
hese mutants was not significantly reduced up to 11.5 dpc
5.4%), the subsequent loss of double homozygotes might
e due to abnormal aortic arch formation caused by the loss
f MFH1 function, which results in embryonic death
round 12.5 dpc in half of the Mfh1 mutant embryos (T.F.
nd H.K., unpublished results; Iida et al., 1997). The fre-
uency of Mfh1 2/2 mice (20%) in the present study was
slightly increased compared to the report by Iida et al.
(16%), which could be due to differences in the genetic
backgrounds caused by introducing the Pax1 mutation.
Visual inspection of Mfh1/Pax1 double homozygous mu-
tant 18.5-dpc fetuses revealed that the craniocaudal length
was around two-thirds of the wild-type littermates and the
caudal region was strongly shortened. In addition, a subcu-
taneous myelomeningocoele was found in all Mfh1/Pax1
double mutants at the thoracolumbar border, a phenotype
never observed in either single mutant (Figs. 3A and 3B).
Skeletal malformations of the axial skeleton in Mfh1/Pax1
double-mutant mice were clearly much stronger than in
either single mutant (Figs. 3C, 3D, 3E, and 3F). In Mfh1
single mutants, the ossification centers of vertebral bodies
were absent in the cervical region and were irregularly
formed in the thoracolumbar region (Figs. 3D, 3H, 3L, 3P,
15.5-dpc Mfh1, Pax1, and Mfh1/Pax1 double-mutant fetuses.
, K), and Mfh1/Pax1 double mutant (D, H, L) fetuses. (A, B, C, D)
) single mutants, vertebral bodies are smaller than in wild type and
ants (D), the vertebral bodies and the laminae of the neural arches
he developing back muscles (arrowhead) is also impaired and
eural tube is slightly deformed as if it were extended vertically. (E,
e formation of the vertebral bodies and the laminae of the neural
ransverse sections through the lumbar region. Note that the neural
icating the formation of the subcutaneous myelomeningocoele in
ble-mutant fetuses between 9 and 11.5 dpc. Transverse sections of
bryos. (A, F) Transverse sections of prospective cervical region of
1/Pax1 double mutants. (B, G) Transverse sections of prospective
uced in Mfh1/Pax1 double mutants (G), while the dermomyotome
lagen of the dorsal aorta are shifted dorsolaterally. The dorsal edges
heads, respectively. (C, H) Transverse sections of the presumptive
lerotome and deformation of the neural tube in Mfh1/Pax1 double
sally, presumably due to the lack of sclerotome cells in the dorsal
ion are indicated by arrows and arrowheads, respectively. (D, I)
bryos. The regions indicated by open boxes are shown at higher
owheads. Note that the dorsal root ganglia are shifted dorsally in
hordal region. The arrow indicates the notochord. (J) Note that then in
C, G
1 (C
mut
ing t
he n
at th
, L) T
), ind
dou
J) em
Mfh
e red
he an
arrow
e sc
d dor
gangl
c em
y arr
pericected in the Mfh1/Pax1 double mutant. (m) myotome. Scale bars
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24 Furumoto et al.4B, 4F, 4J, 4N, and 4R). The dorsal portion of the neural arch
was affected in the atlas and thoracic vertebrae (Figs. 3L and
4B; Iida et al., 1997; Winnier et al., 1997). The ribs were
ormal except for occasional fusions of the proximal parts
Fig. 3P; Iida et al., 1997; Winnier et al., 1997). In Pax1utants, the ossification centers of vertebral bodies were
bsent in the cervical region and split in the thoracic,
r
v
Copyright © 1999 by Academic Press. All rightumbar, and sacral regions, and the proximal region of the
3th rib was lacking (Figs. 3E, 3I, 3M, 3Q, 4C, 4G, 4K, 4O
nd 4S). The vertebral columns of Mfh1/Pax1 double mu-
ants were much shorter than those of either single mutant,
uggesting that the craniocaudal length of the vertebrae was
educed (Fig. 3F). Ventral as well as dorsal structures of the
ertebrae were lacking or strongly reduced in the vertebral
s of reproduction in any form reserved.
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26 Furumoto et al.column of Mfh1/Pax1 double mutants (Fig. 3F, 3J, 3N, 3R,
D, 4H, 4L, 4P, and 4T), and only the pedicles of the neural
rches were less severely affected (Figs. 4L, 4P, and 4T).
xtensive fusions of deformed vertebrae were observed in
he cervical, thoracic, and lumbar regions. In most cases,
he ribs failed to articulate with the vertebral bodies and the
roximal ribs were occasionally fused (Figs. 3F, 3R, and 4P).
ynergistic effects on development of the scapula or neuro-
ranium were not seen in Mfh1/Pax1 double mutants
lthough Mfh1 and Pax1 expressions overlap in these re-
ions (Deutsch et al., 1988; Timmons et al., 1994; Winnier
et al., 1997; Iida et al., 1997).
The defects of axial structures in Mfh1/Pax1 double mu-
ants were further investigated histologically in 15.5-dpc fe-
uses. In Mfh1 and Pax1 single mutants, vertebral bodies were
oorly developed and occasionally split, and the annuli fibrosi
ere not generated normally at all examined axial levels.
mpaired neural arch formation or back muscle development
as not prominent (Figs. 5A, 5B, 5C, 5E, 5F, 5G, 5I, 5J, and 5K).
n Mfh1/Pax1 double mutants, the cartilaginous primordia of
entral and dorsal structures of vertebrae were not generated
Figs. 5D, 5H, and 5L). The subdermal connective tissue was
xpanded compared to single mutants but no brown adipose
issue was apparent. In the cervical region, the connective
issue surrounding the back musculature failed to fuse at
he dorsal midline and concomitantly the medial portions
f back musculature were not generated normally (Fig. 5D).
n the lumbar region, the presumptive subarachinoid cavity
as significantly narrower than in single mutants, and the
eural tissue extruded dorsally leading to subcutaneous
yelomeningocoele (Fig. 5L).
Reduction of Sclerotome Cells in Mfh1/Pax1
Double Mutants
Early defects of vertebral column development were inves-
tigated histologically. In 9.0-dpc double-mutant embryos,
deepithelialization of somites was not affected (Figs. 6A and
6F). In the prospective cervical region of double mutants at 9.5
dpc, the expansion of the sclerotome was significantly im-
FIG. 7. Expression of marker genes in the prospective cervical reg
, I, J, K, L) and bright-field (E, F, G, H, M, N, O, P) views of transve
A, B, C, D, E, F, G, H) and Mfh1/Pax1 double-mutant (I, J, K, L, M
f Mf1 (I), myogenin (J), Pax3 (K), and Pax9 (L) is essentially norm
IG. 8. Proportion of replicating cells in the sclerotome of Mfh1,
nd 11.5. (A) Overview showing the sclerotome regions in wi
rdU-labeled cells. The prospective neural arches are labeled wi
erichordal region with “c”. (B) Higher magnification views of the
right) and hematoxylin–eosin-stained adjacent sections (left) are pu
ounted in each region of the sclerotome of wild-type and Mfh1,
ignificant differences in BrdU incorporation were observed for the
or the dorsal (“a”) or ventromedial (“c”) region. (D) Bar diagrams
clerotome of wild-type and Mfh1, Pax1, and Mfh1/Pax1 double-mutan
educed in each analyzed region.
Copyright © 1999 by Academic Press. All rightaired and the dorsal aorta and dorsal tips of the dermomyo-
ome were shifted dorsally. The neural tube was deformed by
orsoventral compression, presumably due to imbalanced
roliferation in the sclerotome and neural tube (Figs. 6B and
G). In the prospective cervicothoracic region of Mfh1/Pax1
ouble-mutant 10.5-dpc embryos, the reduction of sclerotome
ells and the deformations of the neural tube were more
rominent (Figs. 6C and 6H). The dorsal mass of sclerotome
ells surrounding the dorsal root ganglion was strongly re-
uced in double mutants. The dermomyotome was relatively
nlarged compared to the sclerotome and shifted dorsomedi-
lly. At 11.5 dpc, the accumulation of sclerotome cells around
he notochord was impaired in Mfh1/Pax1 double mutant
Figs. 6D, 6E, 6I, and 6J). Early differentiation of the somitic
esoderm in Mfh1/Pax1 double-mutant 9.5-dpc embryos
as investigated by in situ hybridization analysis using
f1, myogenin, Pax3, and Pax9 probes. Mf1 was expressed
trongly in the entire sclerotome and weakly in the dermo-
yotome both in the wild-type and in the double-mutant
mbryos (Figs. 7A, 7E, 7I, and 7M). Myogenin expression
ndicated the normal differentiation of myotome cells in
ouble mutants (Figs. 7B, 7F, 7J, and 7N). Pax3 expression
as found in the dorsal neural tube and to the dermomyo-
ome in double mutants, similar to wild-type embryos (Figs.
C, 7G, 7K, and 7O). Pax9 expression in the ventral moiety
f the sclerotome was not affected in double mutants (Figs.
D, 7H, 7L, and 7P). These results demonstrate that the
ifferentiation of somites into sclerotome, myotome, and
ermatome occurs in Mfh1/Pax1 double mutants, indicat-
ng that the MFH1 or PAX1 gene products are not essential
or sclerotome formation per se and suggesting that the
xial skeletal defects seen in Mfh1/Pax1 double mutants are
ue to insufficient expansion of sclerotome cells.
Synergistic Reduction of Mitotic Cells in
Ventrolateral Region of the Sclerotome
of Mfh1/Pax1 Double Mutant
Since the significant reduction of sclerotome cells in
Mfh1/Pax1 double mutants could be due to an increase of
f Mfh1/Pax1 double-mutant 9.5-dpc embryos. Dark-field (A, B, C,
ctions through the prospective cervical region of 9.5-dpc wild-type
O, P) embryos after mRNA in situ hybridization. The expression
Mfh1/Pax1 double mutants. Scale bars represent 50 mm.
, and Mfh1/Pax1 double-mutant embryos on embryonic days 10.5
pe and double-mutant embryos (black rectangles) analyzed for
”, the ventrolateral region of the sclerotome with “b”, and the
rotomal areas indicated in (A). Microphotographs of BrdU-labeled
e by side. (C) Bar diagrams of the proportions of BrdU-labeled cells
1, and Mfh1/Pax1 double-mutant day 11.5 embryos. Statistically
trolateral region (“b”) of wild type and of double mutants, but not
e proportions of BrdU-labeled cells counted in each region of theion o
rse se
, N,
al in
Pax1
ld-ty
th “a
scle
t sid
Pax
ven
of tht day 10.5 embryos. The proportions of mitotic cells were slightly
s of reproduction in any form reserved.
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27Interactions in Mouse Vertebral Column Developmentapoptotic cell death or a decrease of cell proliferation, these
possibilities were examined. We first compared the propor-
tions of sclerotome cells undergoing apoptosis in wild-type
and Mfh1/Pax1 double-mutant 10.5- and 11.5-dpc embryos
by TUNEL labeling. A few apoptotic cells were observed in
the perichordal region and ventrolateral regions of the
sclerotome. However, no significant differences were seen
between wild type and Mfh1/Pax1 double mutants (T.F.,
T.A., and H.K., unpublished result).
The proportion of mitotic sclerotome cells in the prospec-
tive thoracic region of wild-type and Mfh1, Pax1, and
fh1/Pax1 double-mutant 11.5-dpc embryos was compared
fter labeling cells in S phase with BrdU. This analysis
evealed a marked reduction of proliferating cells in Mfh1/
ax1 double-mutant embryos (Figs. 8A, 8B, and 8C). In
ild-type embryos, the Mfh1- and Pax1-coexpressing ven-
rolateral region of the sclerotome was mitotically very
ctive, with about 70% of cells being labeled by BrdU,
hereas sclerotome cells giving rise to the prospective
eural arch and perichordal tube were less mitotically
ctive (Figs. 8A, 8B, and 8C). We could not detect a
ignificant difference in BrdU incorporation between the
ranial and the caudal moieties of the ventral sclerotome at
1.5 dpc (T.F. and H.K., unpublished result). Intriguingly,
he most mitotic subpopulation of the sclerotome was
ignificantly reduced in Mfh1 and Pax1 single mutants and
n Mfh1/Pax1 double mutants, while the mitotic activity in
he prospective neural arch and perichordal tube was not
ffected (Figs. 8A, 8B, and 8C). Cell proliferation in the
entrolateral region of the sclerotome was more severely
ffected in Mfh1/Pax1 double mutants than in either of the
ingle mutants, correlating the severity of the axial skel-
ton defects with the mitotic activity of sclerotome cells.
hus, the MFH1 and PAX1 proteins appear to cooperatively
aintain the mitotic activity of sclerotome cells. Since
clerotome development was already affected in 10.5-dpc
fh1/Pax1 double-mutant embryos, we have investigated
he frequency of mitotic cells in 9.5- and 10.5-dpc embryos.
n 9.5-dpc embryos, we could not find a significant differ-
nce between wild type and double mutants (T.F. and H.K.,
npublished result). In day 10.5 embryos, BrdU incorpora-
ion was slightly, however, significantly, reduced in the
entral but not in the dorsal region of the sclerotome in
fh1 and Pax1 single as well as double mutants (Fig. 8D).
DISCUSSION
MFH1 and PAX1 as Mediators for SHH-Dependent
Proliferation of the Sclerotome
The expression pattern of Mfh1 in homozygous Sd em-
ryos suggests that the induction of Mfh1 expression in the
resomitic mesoderm either requires only weak noto-
hordal signals or is independent of such signals, while the
aintenance of Mfh1 expression in the somitic mesodermdepends on signals from the notochord. Grafting an addi-
tional notochord or a cell pellet expressing SHH in avian
Copyright © 1999 by Academic Press. All rightmbryos induces ectopic expression of Mfh1 in the paraxial
esoderm. Thus, both Mfh1 and Pax1 appear to be down-
stream effectors of SHH in the somitic mesoderm. How-
ever, the sclerotomal Mfh1 expression domain is much
wider than the Pax1 domain. Since Pax1 expression appears
o be repressed by bone morphogenetic proteins (BMP),
articularly by BMP-4 derived from the dorsal neural tube
r the lateral plate mesoderm (Pourquie´ et al., 1996;
onsoro-Burq et al., 1996; Watanabe et al., 1998), the wider
xpression domain could indicate that Mfh1 expression is
ess sensitive to signals counteracting SHH. SHH emanat-
ng from the notochord is a diffusible factor essential for
xial skeleton development by establishing the dorsoven-
ral axis of the somitic mesoderm and by promoting cell
ycle progression and preventing apoptosis of the medial
oiety of the somitic mesoderm (Fan et al., 1994; Chiang et
l., 1996; Teillet et al., 1998). Since the proliferation of
clerotome cells is more severely affected in Mfh1/Pax1
ouble mutants than in either single mutant, and MFH1
nd PAX1 are present in the same cells in the sclerotome,
FH1 and PAX1 are likely to act cooperatively and mediate
HH-dependent sclerotomal cell proliferation (Winnier et
l., 1997). This idea is supported by the observations that
xclusively axial structures derived from the medial portion
f the somites are affected in shh and Mfh1/Pax1 double
utants, while structures derived from the lateral portions
ncluding the distal parts of the ribs are unaffected (Chiang
t al., 1996). In contrast, neither MFH1 nor PAX1 appears to
e required for sclerotome formation per se or for the
revention of cell death in the somitic mesoderm. Thus,
ther molecules induced by SHH such as PAX9 or MF2
ight be responsible for sclerotome formation or for the
revention of apoptosis, or they might compensate for
AX1 or MFH1 functions in these processes (Neubu¨sser et
l., 1996; Wu et al., 1998).
Cellular Basis for the Interaction between Mfh1
and Pax1 Mutations
The subtle spina bifida observed in the cervical and
thoracic regions of Mfh1 mutants is significantly enhanced
by the Pax1 mutation although Pax1 itself is not expressed
in the dorsal region of the sclerotome and is not required for
the neural arch development (Wallin et al., 1994; Dietrich
et al., 1995; Winnier et al., 1997; Iida et al., 1997). The
ormation of ventral structures of the vertebral column is
lso much more severely affected in Mfh1/Pax1 double
utants, and extensive fusions of the vertebrae are seen in
ouble mutants but not in either of the single mutants.
hus, the Mfh1 and Pax1 mutations appear to affect axial
skeleton development synergistically rather than addi-
tively.
Since a sufficient density of precursor cells in the blast-
ema is known to be necessary for cartilaginous condensa-
tion (Hall and Miyake, 1992), the extreme spina bifida in
Mfh1/Pax1 double mutants may result from an insufficient
accumulation of mesenchymal cells in the dorsal region of
s of reproduction in any form reserved.
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28 Furumoto et al.the sclerotome. The impaired expansion of the sclerotome
in 9.5-, 10.5-, and 11.5-dpc Mfh1/Pax1 double-mutant em-
bryos supports this argument. Thus, the insufficient allo-
cation of sclerotome cells in the dorsomedial region of the
sclerotome could be the basis for the novel synergistic
phenotype in Mfh1/Pax1 double mutants.
Alternatively, since interactions between the surface
ctoderm, neural tube, and mesenchymal cells are essential
or cartilage differentiation in the dorsal region of the neural
rch (Takahashi et al., 1992; Monsoro-Burq et al., 1996), the
esponsiveness of sclerotomal cells to inductive signals
equired for neural arch formation could be synergistically
educed by the Mfh1 and Pax1 mutations. This possibility
s supported by observations by Winnier et al. (1997) that
hondrogenic differentiation of somitic mesoderm could
ot be stimulated by transforming growth factor-b or fibro-
last growth factor in Mfh1 mutants. The profound genetic
nteraction between the Pax1 mutation and Patch, which
eletes the PDGF-receptor a chain, results in extreme spina
ifida and suggests the involvement of the Pax1 gene
roduct in mediating PDGF signals during the neural arch
evelopment (Helwig et al., 1995).
The formation of ventral structures of the vertebral
olumn is also much more severely affected in Mfh1/Pax1
ouble mutants than in either single mutant. The accumu-
ation of sclerotome cells around the notochord generating
he perichordal tube is an essential prerequisite for the
ormation of the cartilaginous condensations of the verte-
ral bodies and is impaired in a series of Pax1 mutant
lleles, in Mfh1 mutants, and more strongly in double
utants (Wallin et al., 1994; Dietrich et al., 1995; Winnier
t al., 1997; Iida et al., 1997). Defects of proliferation or
igration of sclerotome cells toward the notochord might
e synergistically enhanced in Mfh1/Pax1 double mutants.
Etiology and Pathogenesis of the Subcutaneous
Myelomeningocoele
The interaction between Mfh1 and Pax1 leads to extreme
pina bifida associated with subcutaneous myelomeningo-
oele in the thoracolumbar transition. Since neural tube
losure and the proliferation of neural cells in the mantle
ayer are not affected in Mfh1/Pax1 double mutants, and
either Mfh1 nor Pax1 is expressed in the developing neural
ube, neural tube development per se is unlikely be dis-
urbed in double mutants. Therefore it is possible that
mbalances in the proliferation rates in the sclerotome and
eural tube cause the extrusion of the neural tube and
esult in the subcutaneous myelomeningocoele. In clinical
bservations, myelomeningocoele is frequently associated
ith defects in the ventral region, radiologically termed
emivertebrae and block vertebrae (Roth, 1971), which are
lso characteristic for Mfh1 single and Mfh1/Pax1 double
utants. Since similar defects of the vertebral column are
bserved in mice lacking Gli2 and Gli3, other likely media-
ors of SHH signals, the genetic cascade downstream of
HH involving Mfh1, Pax1, Gli2, or Gli3 could be impaired
Copyright © 1999 by Academic Press. All righty environmental and/or genetic factors during the patho-
enesis of subcutaneous myelomeningocoele (Mo et al.,
997).
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